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FIG. 4
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FIG. 9
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FIG. 12
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FIG. 15
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1
OPTICAL DEVICE INCLUDING
THREE-COUPLED QUANTUM WELL
STRUCTURE HAVING MULTI-ENERGY
LEVEL

RELATED APPLICATION

This application claims priority from Korean Patent Appli-
cation No. 10-2013-0134986, filed on Nov. 7, 2013, in the
Korean Intellectual Property Office, the disclosure of which is
incorporated herein in its entirety by reference.

BACKGROUND

1. Field

Apparatuses consistent with exemplary embodiments
relate to an optical device including a three-coupled quantum
well structure, and more particularly, to an optical device
including a three-coupled quantum well structure having
multi-energy level, which may improve light absorption
intensity in a multiple quantum well structure without
increasing a driving voltage.

2. Description of the Related Art

3D cameras have not only a general image capturing func-
tion but also a function of measuring a distance from a plu-
rality of points on a surface of an object to the 3D cameras. A
variety of algorithms to measure the distance between an
object and a 3D camera have recently been suggested. A
typical one of these algorithms is a time-of-flight (TOF) algo-
rithm. According to a TOF method, illumination light is emit-
ted onto an object and then a flight time, between when the
illumination light is emitted until the illumination light
reflected from the object is received by a light-receiving unit,
is measured. The flight time of illumination light may be
obtained by measuring a phase delay ofthe illumination light.
A high-speed optical modulator is used to accurately measure
the phase delay.

An optical modulator having a superior electro-optical
response characteristic is used to obtain a 3D image with high
distance accuracy. Recently, GaAs-based semiconductor
optical modulators are mainly used. A GaAs-based semicon-
ductor optical modulator has a P-I-N diode structure in which
a multiple quantum well (MQW) structure is disposed
between a P-electrode and an N-electrode. In the structure,
when a reverse bias voltage is applied between the P-N elec-
trodes, the MQW structure forms excitons in a particular
wavelength band and absorbs light. An absorption spectrum
of'the MQW structure characteristically moves toward a long
wavelength as a reverse bias voltage increases. Accordingly,
a degree of absorption at a particular wavelength may vary
according to a change in the reverse bias voltage. Thus,
according to the above principle, the intensity of incident
light having a particular wavelength may be modulated by
adjusting the reverse bias voltage applied to an optical modu-
lator.

In the optical modulator, a distance accuracy increases as a
contrast ratio, for example, a demodulation contrast, indicat-
ing a difference in the degree of absorption between when a
voltage is applied and is not applied, increases. Driving at a
low voltage is advantageous to prevent performance deterio-
ration due to heat. In general, an increase in the contrast ratio
may be achieved by increasing light absorption intensity and
transition energy in the MQW structure. The light absorption
intensity is inversely proportional to the thickness of a quan-
tum well layer and is proportional to a square of a degree of
superimposition between a hole’s wave function and an elec-
tron’s wave function in the quantum well layer. Also, transi-
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tion energy that indicates a degree of an absorption spectrum
moving toward a long wavelength is proportional to the fourth
power of the thickness of a quantum well layer and to the
square of an applied voltage.

However, when the thickness of a quantum well layer is
reduced to increase the light absorption intensity, the transi-
tion energy decreases and an applied voltage increases in
order to compensate for a decrease in the transition energy.
On the other hand, when the thickness of a quantum well layer
is increased to increase the transition energy, the degree of
superimposition between a hole’s wave function and an elec-
tron’s wave function decreases and generation of excitons by
electron-hole pairs is reduced so that absorption intensity
decreases. Thus, the improvement of absorption intensity and
the reduction of a drive voltage are in a trade-off relationship.

SUMMARY

Additional exemplary aspects will be set forth in part in the
description which follows and, in part, will be apparent from
the description, or may be learned by practice of the presented
embodiments.

According to an aspect of an exemplary embodiment, an
optical device includes an active layer comprising at least two
outer barriers and at least one coupled quantum well that is
inserted between the at least two outer barriers, in which each
coupled quantum well comprises at least three quantum well
layers and at least two coupling barriers, wherein each of the
coupling barriers is provided between two of the quantum
well layers, thicknesses of two quantum well layers disposed
at opposite ends of the coupled quantum well are different
from a thickness of the other quantum well layer disposed
between the two quantum well layers, and energy levels of the
two quantum well layers disposed at the opposite ends are
different from an energy level of the other quantum well layer
disposed between the two quantum well layers.

Potential energies of the at least two coupling barriers may
be higher than a ground level and lower than energy levels of
the outer barriers.

Each of the coupled quantum wells may be a three-coupled
quantum well that comprises a first quantum well layer, a first
coupling barrier, a second quantum well layer, a second cou-
pling barrier, and a third quantum well layer which are
sequentially stacked, and potential energies of the first and
second coupling barriers are higher than a ground level and
lower than energy levels of the outer barriers.

A thickness of the first quantum well layer and a thickness
of'the third quantum well layer may be less than a thickness of
the second quantum well layer, and an energy level of the first
quantum well layer and an energy level of the third quantum
well layer may be lower than an energy level of the second
quantum well layer.

For an infrared range of about 850 nm, the first and third
quantum well layers may comprise In,Ga, ,As, where
7=0.1~0.2, the second quantum well layer may comprise
GaAs, the first and second coupling barriers may comprise
Al Ga,_,As, where 0<y<1, and the outer barriers may com-
prise Al Ga,_ As, where O<y<x<=I.

According to an aspect of another exemplary embodiment,
an optical device includes an active layer including at least
two outer barriers and at least one coupled quantum well that
is inserted between the at least two outer barriers, and a lower
reflection layer and an upper reflection layer that are respec-
tively disposed on lower and upper surfaces of the active
layer, in which each coupled quantum well has at least three
quantum well layers and at least two coupling barriers, each
of the coupling barriers provided between two of the at least
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three quantum well layers, and energy levels of the two quan-
tum well layers disposed at opposite ends of the coupled
quantum well are different from an energy level of the other
quantum well layer disposed between the two quantum well
layers.

The optical device may be a reflective optical modulator, in
which a reflectivity of the lower reflection layer is higher than
a reflectivity of the upper reflection layer.

Thicknesses of the two quantum well layers disposed at the
opposite ends may be less than a thickness of the other quan-
tum well layer disposed between the two quantum well lay-
ers.

The optical device may further include at least one micro-
cavity layer that is disposed within at least one of the lower
and upper reflection layers, in which, when a resonance wave-
length of the optical device is A, the active layer and the at
least one microcavity each have an optical thickness that is an
integer multiple of A/2.

The at least one coupled quantum well may include at least
one first coupled quantum well comprising a first quantum
well layer, a first coupling barrier, a second quantum well
layer, a second coupling barrier, and a third quantum well
layer which are sequentially stacked, and at least one second
coupled quantum well comprising a fourth quantum well
layer, a third coupling barrier, a fifth quantum well layer, a
fourth coupling barrier, and a sixth quantum well layer which
are sequentially stacked, in which a thickness of the second
quantum well layer of the first coupled quantum well is dif-
ferent from a thickness of the fifth quantum well layer of the
second coupled quantum well.

The potential energies of the first to fourth coupling barri-
ers each may be higher than a ground level and lower than
energy levels of the outer barriers.

A thickness of the first quantum well layer and a thickness
of the third quantum well layer each may be less than a
thickness ofthe second quantum well layer, and a thickness of
the fourth quantum well layer and a thickness of the sixth
quantum well layer each may be less than a thickness of the
fifth quantum well layer.

An energy level of the first quantum well layer and an
energy level of the third quantum well layer each are lower
than an energy level of the second quantum well layer, and an
energy level of the fourth quantum well layer and an energy
level of the sixth quantum well layer each are lower than an
energy level of the fifth quantum well layer.

Thicknesses of the first and third quantum well layers of the
first coupled quantum well each may be respectively the same
as thicknesses of each of the fourth and sixth quantum well
layers of the second coupled quantum well.

Each of the at least one coupled quantum well may include
a first quantum well layer, a first coupling barrier, a second
quantum well layer, a second coupling barrier, and a third
quantum well layer which are sequentially stacked. The
active layer may further include at least one single quantum
well, each of the at least one single quantum well including a
single fourth quantum well layer provided between two outer
barriers.

According to an aspect of another exemplary embodiment,
an optical device includes a lower reflection layer, a first
active layer disposed on the lower reflection layer, an inter-
mediate reflection layer disposed on the first active layer, a
second active layer disposed on the intermediate reflection
layer, and an upper reflection layer disposed on the second
active layer, in which at least one of the first and second active
layers comprises a coupled quantum well structure that com-
prises at least two outer barriers and at least one coupled
quantum well inserted between the two outer barriers, each
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coupled quantum well comprises at least three quantum well
layers and at least two coupling barriers, wherein each of the
coupling barriers is provided between two of the at least three
quantum well layers, thicknesses of two quantum well layers
disposed at opposite end portions of the at least three quantum
well layers each are less than a thickness of the other quantum
well layer disposed between the two quantum well layers, and
energy levels of the two quantum well layers disposed at the
opposite end portions each are lower than an energy level of
the other quantum well layer disposed between the two quan-
tum well layers.

Potential energies of the at least two coupling barriers each
may be higher than a ground level and lower than energy
levels of each of the outer barriers.

Each of the coupled quantum wells may be a three-coupled
quantum well that includes a first quantum well layer, a first
coupling barrier, a second quantum well layer, a second cou-
pling barrier, and a third quantum well layer which are
sequentially stacked, and potential energies of the first and
second coupling barriers each may be higher than a ground
level and lower than energies level of each of the outer barri-
ers.

A thickness of the first quantum well layer and a thickness
of the third quantum well layer each may be less than a
thickness of the second quantum well layer, and an energy
level of the first quantum well layer and an energy level of the
third quantum well layer each may be lower than an energy
level of the second quantum well layer.

The lower and upper reflection layers each may be doped
into a first electric type and the intermediate reflection layer
may be doped into a second electric type that is opposite to the
first electric type.

The optical device may further include at least one micro-
cavity layer that is disposed in at least one of the lower and
upper reflection layers, in which, when a resonance wave-
length of the optical device is A, the active layer and the at
least one microcavity each have an optical thickness that is an
integer multiple of A/2.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other exemplary aspects and advantages will
become apparent and more readily appreciated from the fol-
lowing description of exemplary embodiments, taken in con-
junction with the accompanying drawings in which:

FIG. 1is an energy band diagram of an active layer having
a three-coupled quantum well structure, according to an
exemplary embodiment;

FIGS. 2A and 2B illustrate an electron’s wave function and
a hole’s wave function, respectively, when a reverse bias
voltage is not applied to the active layer of FIG. 1;

FIGS. 3A and 3B illustrate an electron’s wave function and
a hole’s wave function, respectively, when a reverse bias
voltage is applied to the active layer of FIG. 1;

FIG. 4 illustrates an absorption spectrum in the active layer
having the three-coupled quantum well structure of FIG. 1;

FIG. 5 illustrates a light absorption characteristic in the
active layer having the three-coupled quantum well structure
of FIG. 1, in comparison with a simple single quantum well
structure;

FIG. 6 illustrates a detailed an optical device having a
three-coupled quantum well structure according to an exem-
plary embodiment;

FIG. 7 schematically illustrates an absorption coefficient
spectrum of the optical device of FIG. 6;
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FIG. 8 schematically illustrates a structure of a reflective
optical modulator having the three-coupled quantum well
structure according to an exemplary embodiment;

FIG. 9 illustrates a detailed example of the reflective opti-
cal modulator of FIG. 8;

FIG. 10 schematically illustrates a reflection characteristic
of the reflective optical modulator of FIG. 9;

FIG. 11 schematically illustrates a structure of a transmis-
sive optical modulator having the three-coupled quantum
well structure, according to an exemplary embodiment;

FIG. 12 illustrates a detailed example of the transmissive
optical modulator of FIG. 11;

FIG. 13 schematically illustrates a transmittance charac-
teristic of the transmissive optical modulator of FIG. 12;

FIG. 14 schematically illustrates a structure of a transmis-
sive optical modulator having the three-coupled quantum
well structure, according to another exemplary embodiment;

FIG. 15 illustrates a detailed example of the transmissive
optical modulator of FIG. 14;

FIG. 16 schematically illustrates a transmittance charac-
teristic of the transmissive optical modulator of FIG. 15; and

FIG. 17 schematically illustrates a structure of a transmis-
sive optical modulator having the three-coupled quantum
well structure, according to another exemplary embodiment.

DETAILED DESCRIPTION

Reference will now be made in detail to exemplary
embodiments which are illustrated in the accompanying
drawings, wherein like reference numerals refer to like ele-
ments throughout. Also, the size of each layer illustrated in
the drawings may be exaggerated for convenience of expla-
nation and clarity. In this regard, the present embodiments
may have different forms and should not be construed as
being limited to the descriptions set forth herein. Accord-
ingly, the embodiments are merely described below, by refer-
ring to the figures, to explain aspects of the present descrip-
tion. In a layer structure, when a constituent element is
disposed “above” or “on” to another constituent element, the
constituent element may be only directly on the other con-
stituent element or above the other constituent elements in a
non-contact manner.

FIG. 1is an energy band diagram of an active layer having
a three-coupled quantum well structure, according to an
exemplary embodiment. Referring to FIG. 1, the active layer
according to the present embodiment may include two outer
barriers and a three-coupled quantum well inserted between
the two outer barriers. Although FIG. 1 illustrates only two
outer barriers and one three-coupled quantum well, more
outer barriers and three-coupled quantum wells may be
included. For example, the active layer may include at least
two outer barriers and at least one three-coupled quantum
well inserted between each pair of two outer barriers.

Each three-coupled quantum well may include a first quan-
tum well layer. QW1, a first coupling barrier CB1, a second
quantum well layer QW2, a second coupling barrier CB2, and
a third quantum well layer QW3, which are sequentially
disposed. In the three-coupled quantum well structure, three
quantum well layers may be coupled to one another by two
coupling barriers. Accordingly, in the overall structure of the
active layer, the three-coupled quantum well may perform a
function similar to a single quantum well. As a result, since
the thickness of the three-coupled quantum well structure that
functions as a single quantum well layer is thicker than that of
a single quantum well layer, transition energy may be
increased without increasing a driving voltage.
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In general, when a degree of superimposition between a
hole’s wave function and an electron’s wave function is large,
generation of excitons that are pairs of an electron and a hole
increases and thus the light absorption intensity of an optical
device increases. According to the present embodiment, to
improve the light absorption intensity of the optical device
including the active layer of FIG. 1, the thickness of the
second quantum well layer QW2 may be the thickest of the
three quantum well layers, so that a portion where the hole’s
wave function and the electron’s wave function are superim-
posed is increased. As the thickness of the second quantum
well layer QW2 is the thickest, a hole’s wave function portion
and an electron’s wave function portion remaining in the
second quantum well layer QW2 increases so that superim-
position between the hole’s wave function and the electron’s
wave function may be increased.

To further increase the light absorption intensity, thick-
nesses d1 and d5 of the first and third quantum well layers
QW1 and QW3, which are disposed at the opposite sides of
the second quantum well layer, may be less than a thickness
d3 of the second quantum well layer QW2 that is disposed
therebetween. Also, in order to prevent the driving voltage
from increasing as the thicknesses d1 and d5 of the first and
third quantum well layers QW1 and QW3 decrease, energy
levels of the first and third quantum well layers QW1 and
QW3 may be lower than an energy level of the second quan-
tum well layer QW2. Accordingly, a Bandgap 1 of the second
quantum well layer QW2 may be larger than a Bandgap 2 of
the first and third quantum well layers QW1 and QW3. The
thicknesses and levels of the first and third quantum well
layers QW1 and QW3 may be the same or different. From this
point of view, the quantum well structure of the present
embodiment may be referred to be a three-coupled quantum
well structure having multi-level energy.

To couple the three quantum well layers QW1 to QW3, the
two coupling barriers CB1 and CB2 may have energy levels
that are lower than the energy level of the outer barriers, as
illustrated in FIG. 1. For example, in a conduction band
indicated in an upper side of the energy band diagram of FIG.
1, potential energies of the first and second coupling barriers
CB1 and CB2 may be higher than a ground level, that is, an
energy level of a first electron el, and lower than the energy
level of the outer barriers. Likewise, in a valance band indi-
cated in a lower side of the energy band diagram of FIG. 1,
potential energies of the first and second coupling barriers
CB1 and CB2 may be higher than a ground level, that is, an
energy level of a first heavy hole hhl, and lower than the
energy level of the outer barriers. In such a structure, as the
widths of the first, second, and third quantum well layers
QWI1, QW2, and QW3 are increased, the ground level is
lowered and an absorption wavelength is moved toward a
long wavelength. When the barrier energies of the first and
second coupling barriers CB1 and CB2 are increased, the
ground level rises and thus the absorption wavelength may be
moved toward a short wavelength.

Materials for the first, second, and third quantum well
layers QW1, QW2, and QW3, the first and second coupling
barriers CB1 and CB2, and the outer barriers satisfying the
above conditions may be diversely selected according to a
desired wavelength band. For example, for an infrared range
ofabout 850 nm, In_Ga, _As (z=0.1~0.2) may be used for the
first and third quantum well layers QW1 and QW3, GaAs
may be used for the second quantum well layer QW2, Al,
Ga,_,As (0<y<l) used for the first and second coupling bar-
riers CB1 and CB2, and Al,Ga,_, As (0<y<x<1) may be used
for the outer barriers. Also, for a mid-infrared range of about
1550 nm, In,Ga,_As, In, , Ga,Al As, and In, ,Ga,As,P,_,
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etc. may be used for the first, second, and third quantum well
layers QW1, QW2, and QW3, and In, _ Ga AL As and
In, ,Ga,As P, (0<x,y, z<1), etc. may be used for the first
and second coupling barriers CB1 and CB2 and the outer
barriers. The above materials may be used in a variety of
combinations according to the above-described conditions.
The energy levels of the first and second coupling barriers
CB1 and CB2 and the outer barriers may be appropriately
adjusted according to a composition ratio of the materials.

Since the first, second, and third quantum well layers QW1,
QW2, and QW3 are connected to one another by the first and
second coupling barriers CB1 and CB2, electron’s and hole’s
wave functions may be distributed across the first, second,
and third quantum well layers QW 1, QW2, and QW3 over the
first and second coupling barriers CB1 and CB2. For
example, FIGS. 2A and 2B illustrate an electron’s wave func-
tion and a hole’s wave function, respectively, when a reverse
bias voltage is not applied to the active layer of FIG. 1.
Referring to FIG. 2A, a wave function of a first electron el is
mainly distributed in the second quantum well layer QW2 and
a wave function of a second electron e2 is mainly distributed
in the first and third quantum well layers QW1 and QW3.
Referring to FIG. 2B, a wave function of a first heavy hole hh1
and a wave function of a first light hole Ih1 are mainly dis-
tributed in the second quantum well layer QW2 and a wave
function of a second heavy hole hh2 is mainly distributed in
the first and third quantum well layers QW1 and QW3.

When a reverse bias voltage is applied to the active layer,
the electron’s wave function is moved in a direction toward
the first quantum well layer QW1 and the hole’s wave func-
tion is moved in a direction toward the third quantum well
layer QW3. For example, FIGS. 3A and 3B illustrate the
electron’s wave function and the hole’s wave function,
respectively, when the reverse bias voltage is applied to the
active layer of FIG. 1. Referring to FIG. 3A, a peak of the
wave function of the first electron el is slightly moved to the
left edge of the second quantum well layer QW2 and a second
peak of the second electron e2 is moved to the right edge of
the second quantum well layer QW2. Since the thickness of
the first quantum well layer QW1 is small, strong absorption
occurs in the first quantum well layer QW1 and thus electron
mobility according to a voltage is lowered. Accordingly, the
wave functions of the first and second electrons el and e2 are
widely distributed across the three quantum well layers QW1,
QW2, and QW3. Also, referring to FIG. 3B, a peak of the
wave function of the first heavy hole hh1 is moved toward the
third quantum well layer QW3 and deformed to a shape of a
saddle by the second coupling barrier CB2 and partially
remains in the second quantum well layer QW2. Also, peaks
of the wave function of the second heavy hole hh2 and the
wave function of the first light hole lhl are located in the
second quantum well layer QW2. Accordingly, the electron’s
and hole’s wave functions are superimposed across a wide
area in the second and third quantum well layers QW2 and
QW3 so that light absorption may be increased.

FIG. 4 illustrates an absorption spectrum in the active layer
having the three-coupled quantum well structure of FIG. 1: in
detail, absorption spectrums with respect to externally
applied electric fields of about 0 V/um, about 2.4 V/um, and
about 4.8 V/um. Referring to FIG. 4, when the externally
applied electric field is about 0 V/um, the largest peak is
generated in a wavelength of about 838 nm. The largest peak
is generated by an exciton pair of the first electron el and the
first heavy hole hh1 and the second largest peak is generated
by an exciton pair of the first electron el and the first light hole
Ih1 and an exciton pair of the first electron el and the second
heavy hole hh2. Since an absorption coefficient is very small
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at the wavelength of about 850 nm, light having a wavelength
of'about 850 nm mostly passes through the active layer. When
the externally applied electric field increases, an absorption
spectrum is moved toward a long wavelength according to the
Stark effect and absorption intensity is reduced. When the
externally applied electric field is about 4.8 V/um, the absorp-
tion spectrum has the largest peak at a wavelength of about
850 nm. In this case, the peak of the absorption spectrum is
lower than that in a case in which the externally applied
electric field is about O V/um. The above movement of the
absorption spectrum toward the wavelength of about 850 nm
may be achieved at an externally applied electric field of
about 8.1 V/um in a simple single quantum well structure.

Also, according to the present embodiment, even when an
external electric field of about 4.8 V/um is applied to the
active layer, as illustrated in FIGS. 3A and 3B, a considerable
amount of the electron’s and hole’s wave functions remain in
the second quantum well layer QW2 so that an absorption
coefficient that is higher than that of the simple single quan-
tum well structure may be maintained. In other words, in the
present embodiment, a degree that absorption intensity
decreases as the absorption spectrum is moved toward a long
wavelength is less than that of the simple single quantum well
structure. Accordingly, a difference Aa. in the absorption
intensity at a wavelength of about 850 um between when the
externally applied electric field is about 0 V/um and when the
externally applied electric field is about 4.8 V/um may be
larger than that of the simple single quantum well structure.

For example, FIG. 5 illustrates a light absorption charac-
teristic in the active layer having the three-coupled quantum
well structure of FIG. 1, in comparison with a simple single
quantum well structure. In the graph of FIG. 5, Structure 1 is
a single quantum well structure including a GaAs quantum
well layer having a thickness of about 8 nm and an
Al, 5,Ga, ,oAs barrier. Structure 2 is the three-coupled quan-
tum well structure of the present embodiment that includes
the outer barriers formed of Al ;,Ga, ,oAs, the first and
second coupling barriers CB1 and CB2 formed of
Al ,,Ga, goAs and having a thickness of about 1 nm, the first
and third quantum well layers QW1 and QW3 formed of
In, ,,Ga, goAs and having a thickness of 1 nm, and the second
quantum well layer QW2 formed of GaAs and having a
thickness of about 6.4 nm. Referring to FIG. 5, a driving
voltage of Structure 2 is about 4.8 V/um, which is lower than
8.1 V/um that is a driving voltage of Structure 1. Also, the
absorption intensity difference Ao of Structure 2 is about
14100x10%/cm, which is much improved compared to 6375x
10%/cm, that is, the absorption intensity difference of Struc-
ture 1.

FIG. 6 illustrates an optical device having a three-coupled
quantum well structure according to an exemplary embodi-
ment. Referring to FIG. 6, n-InGaP is formed on a GaAs
substrate to have a thickness of about 100 nm as an n-contact
layer. An Al0.31Ga0.69As lower cladding layer that func-
tions as an outer barrier is formed on the n-contact layer to
have a thickness of about 50 nm. Sixteen (16) pairs of the
three-coupled quantum wells including first quantum well
layer formed of In,,,Gag goAs and having a thickness of
about 1 nm, a first coupling barrier formed of Al; ,,Gag goAs
and having a thickness of about 1 nm, a second quantum well
layer formed of GaAs and having a thickness of about 6.4 nm,
a second coupling barrier formed of Al, ,,Ga, goAs and hav-
ing a thickness of about 1 nm, and a third quantum well layer
formed of In, ,,Ga, 3oAs and having a thickness of about 1
nm, are stacked on the Al,;,Ga, ¢As cladding layer.
Al 5,Ga, ¢oAs having a thickness of about 4 nm is inserted
between the three-coupled quantum wells as an outer barrier.
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An Al 5,Ga, ¢oAs upper cladding layer is formed on the
sixteenth three-coupled quantum well to a thickness of about
50 nm, and p-GaAs is formed thereon as a p-contact layer to
a thickness of about 10 nm. The cladding layers may be
relatively thick so as to function both as outer barriers and
dispersion prevention layers to prevent a dopant of a contact
layer entering into a quantum well. The above layers may be
stacked by using equipment for molecular beam epitaxy
(MBE) or metal organic chemical vapor deposition
(MOCVD). Also, to manufacture a transmissive optical
modulator, the GaAs substrate may be partially removed by
wet etching to transmit light. In this case, an n-InGaP layer
may function as an etch stop layer.

FIG. 7 schematically illustrates an absorption coefficient
spectrum of the optical device of FIG. 6. Referring to FIG. 7,
when no voltage is applied, a first exciton absorption peak is
located at a wavelength of about 838 nm. When an electric
field of about 4.8 V/um is applied, the first exciton absorption
peak is located at a wavelength of about 860 nm. As it is
confirmed above, in the simple single quantum well having
the same cavity thickness, an electric field of about 8.1 V/um
is needed to move the first exciton absorption peak located at
about 838 nm to about 850 nm. Accordingly, the optical
device including the three-coupled quantum well according
to the present embodiment may have a rather low driving
voltage while having improved light absorption intensity as
compared to that of the single quantum well structure.

Accordingly, the optical device including a three-coupled
quantum well according to the present embodiment may
simultaneously achieve an improved light absorption charac-
teristic and a low drive voltage compared to an optical device
including different quantum well structures. The optical
device including the three-coupled quantum well structure
may be applied not only to an optical modulator but also to a
semiconductor device having a variety of PIN diode struc-
tures to absorb light of a particular wavelength band. For
example, the above-described principle may be applied to an
optical filter, a photodiode, a solar cell, a light-emitting
device, a light communication system, an optical intercon-
nection, an optical calculator, etc.

The optical modulator having a variety of structures adopt-
ing the above-described three-coupled quantum well struc-
ture will be described below in detail.

FIG. 8 schematically illustrates a structure of a reflective
optical modulator 100 having a three-coupled quantum well
structure. Referring to FIG. 8, the reflective optical modulator
100 may include a substrate 110, a first contact layer 111
disposed on the substrate 110, a lower reflection layer 120
disposed on the first contact layer 111, an active layer 130
disposed on the lower reflection layer 120, an upper reflection
layer 140 disposed on the active layer 130, and a second
contact layer 141 disposed on the upper reflection layer 140.
The upper and lower reflection layers 140 and 120 may be
doped to function both as reflection layers and electrical
paths. For example, the first contact layer 111 and the lower
reflection layer 120 may be doped into an n type, whereas the
upper reflection layer 140 and the second contact layer 141
may be doped into a p type. The active layer 130 is undoped.
As such, the reflective optical modulator 100 of FIG. 8 has a
P-I-N diode structure.

The reflective optical modulator 100 reflects incident light
and also modulates an intensity of reflected light by absorbing
part of the incident light according to an electric signal. To
reflect the incident light, the lower reflection layer 120 has a
reflectivity of about 90% or more and the upper reflection
layer 140 may have a reflectivity of about 30%-50%. The
lower and upper reflection layers 120 and 140 may be, for
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example, distributed Bragg reflectors (DBRs) obtained by
repeatedly and alternately stacking a low refractive index
layer having a relatively low refractive index and a high
refractive index layer having a relatively high refractive
index. In the above structure, reflection occurs on an interface
between two layers having different refractive indexes, that
is, the high refractive index layer and the low refractive index
layer. A high reflectivity may be obtained by making phase
differences of all reflected light identical to one another. To
this end, an optical thickness, that is, a value obtained by
multiplying a physical thickness by a refractive index of a
layer material, of each of the high and low refractive index
layers in the lower and upper reflection layers 120 and 140
may be an odd-number multiple of about A/4, where A is a
resonance wavelength of the reflective optical modulator 100.
Also, the reflectivity may be adjusted as desired according to
the number of stacks of pairs of the high and low refractive
index layers.

The active layer 130 is a layer where light absorption
occurs and may have a multiple quantum well layer structure
in which the above-described three-coupled quantum well
structure and the outer barriers are repeatedly stacked. The
active layer 130 may function as the main cavity for Fabry-
Perotresonance. To this end, an optical thickness of the active
layer 130 may be approximately an integer multiple of A/2.

FIG. 9 illustrates a detailed example of the reflective opti-
cal modulator 100 of FIG. 8. Referring to FIG. 9, the first
contact layer 111 having a thickness of about 500 nm is
formed onthe substrate 110 formed of GaAs. The first contact
layer 111 may be formed of n-GaAs. The lower reflection
layer 120 includes an n-Al, 4:Ga,, ;,As layer having a thick-
ness of 68.8 nm as a low refractive index layer and an
n-Al, ;,Ga, cAs layer having a thickness of 62.3 nm as a
high refractive index layer and has a structure in which a pair
of the low and high refractive index layers is stacked about
25.5 times. To function as a current path, the lower reflection
layer 120 may be doped to a concentration of about 3.18x
10"®/cm?> by using silicon as a dopant.

The active layer 130 may include an Al ;,Ga, 4, As lower
cladding layer having a thickness of about 3.5 nm that is
formed on the lower reflection layer 120 and functions as the
outer barrier, thirty-three (33) pairs of three-coupled quantum
wells including a first quantum well layer formed of
In, ,,Ga, goAs and having a thickness of about 1 nm, a first
coupling barrier formed of Al ,,Ga, 3oAs and having a thick-
ness of about 1 nm, a second quantum well layer formed of
GaAs and having a thickness of about 6.4 nm, a second
coupling barrier formed of Al ,,Ga, 4,As and having a thick-
ness of about 1 nm, a third quantum well layer formed of
In, ,,Ga, 5oAs and having a thickness of about 1 nm, an outer
barrier formed of Al 5,Ga, ccAs and having a thickness of
about 4 nm, which is disposed between the three-coupled
quantum wells, and an upper cladding layer formed of
Al 5,Ga, ¢oAs and having a thickness of about 3.5 nm, which
is disposed on the thirty-third (33’%) three-coupled quantum
well. The optical thickness of the active layer 130 is set to be
2h.

Also, the upper reflection layer 140 on the upper cladding
layer includes a p-Al, 5sGa, ;,As layer having a thickness of
68.8 nm as a low refractive index layer and ap-Al, 5, Ga, 5o As
layer having a thickness of 62.3 nm as a high refractive index
layer. The upper reflection layer 140 having a low reflectivity
may only have two pairs of a high refractive index layer and
a low refractive index layer. To function as a current path, the
upper reflection layer 140 may be doped to a concentration of
about 4.6x10'%/cm’ to 6.5x10"%cm> using beryllium as a
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dopant. A p-GaAs layer having a thickness of about 10 nm
may be formed on the upper reflection layer 140 as the second
contact layer 141.

FIG. 10 schematically illustrates a reflection characteristic
of the reflective optical modulator 100 of FIG. 9. In FIG. 10,
a graph indicated by a thin solid line denotes reflectivity when
a voltage is not applied and relates to a left vertical axis. A
graph indicated by a two-dash chain line denotes reflectivity
when a voltage of about 2.3V is applied and relates to the left
vertical axis. A graph indicated by a thick solid line denotes a
difference in the reflectivity between when a voltage is not
applied and when a voltage is applied and relates to a right
vertical axis. Referring to FIG. 10, the maximum absorption
occurs at a wavelength of about 850 nm at a relatively low
voltage of about —2.3 V and a difference in the reflectivity
between the minimum reflectivity and the maximum reflec-
tivity in a range of about 850 nm is about 67.4%. In particular,
reflectivity is almost 0% when a voltage of about -2.3 V is
applied. Accordingly, it may be seen that a contrast ratio of the
reflective optical modulator 100 of FIG. 9 is greatly
improved.

FIG. 11 schematically illustrates a structure of a transmis-
sive optical modulator 200 having a three-coupled quantum
well structure, according to an exemplary embodiment.
Referring to FIG. 11, the transmissive optical modulator 200
according to the present embodiment may include a lower
reflection layer 220, an active layer 230 disposed on the lower
reflection layer 220, an upper reflection layer 240 disposed on
the active layer 230, a first contact layer 201 disposed on a part
of a lower surface of the lower reflection layer 220, and a
second contact layer 241 disposed on a part of an upper
surface of the upper reflection layer 240. The first and second
contact layers 201 and 241 may be in the form of a ring along
edges of the lower reflection layer 220 and the upper reflec-
tion layer 240 so that light may pass through openings of the
first and second contact layers 201 and 241. Although it is not
illustrated in FIG. 11, a substrate may be removed after the
transmissive optical modulator 200 is formed on the sub-
strate. Alternately, only a center portion of the substrate may
be partially removed so that light may pass therethrough. As
described above, the upper reflection layer 240 and the lower
reflection layer 220 may be doped to function both as reflec-
tion layers and electric paths.

The transmissive optical modulator 200 modulates an
intensity of projected light by absorbing part of incident light
according to an electric signal while transmitting the incident
light. The lower reflection layer 220 and the upper reflection
layer 240 transmit part of the incident light and also reflect
light so that resonance may occur in the active layer 230 that
is the main cavity. In the case of the transmissive optical
modulator 200, the reflectivity of the lower reflection layer
220 and the upper reflection layer 240 may be about 50%
identical.

FIG. 12 illustrates a detailed example of the transmissive
optical modulator 200 of FIG. 11. Referring to FIG. 12, the
lower reflection layer 220 including six (6) pairs of a high
refractive index layer formed of n-Al; 5, Ga, s0As and a low
refractive index layer formed of n-Al, 5, Ga,, | oAs is disposed
on the first contact layer 201 formed of n-GaAs and having a
thickness of about 50 nm. The high refractive index layer
disposed lowermost may have a smaller thickness than the
thickness of other high refractive index layers for phase
matching.

The active layer 230 disposed on the lower reflection layer
220 includes lower and upper cladding layers formed of
Al 5,Ga, ¢oAs having a thickness of 8 nm and functioning as
the outer barriers and a total forty-nine pairs of three-coupled

20

25

30

35

40

45

50

55

60

65

12

quantum wells disposed between the lower and upper clad-
ding layers. Each three-coupled quantum well may include a
first quantum well layer formed of In,, ,,Ga, 5oAs and having
a thickness of about 1 nm, a first coupling barrier formed of
Al ,,Ga, goAs and having a thickness of about 1 nm, a sec-
ond quantum well layer formed of GaAs and having a thick-
ness of about 6.4 nm, a second coupling barrier formed of
Al ,,Ga, goAs and having a thickness of about 1 nm, and a
third quantum well layer formed of In, ,,Ga, 4,As and hav-
ing a thickness of about 1 nm. Also, an outer barrier formed of
Al 5,Ga, ,oAs and having a thickness of about 4 nm may be
inserted between two neighboring three-coupled quantum
wells. The optical thickness of the active layer 230 is set to be
about 3A.

The upper reflection layer 240 and the lower reflection
layer 220 are symmetrically disposed with respect to the
active layer 230. For example, like the lower reflection layer
220, the upper reflection layer 240 includes six (6) pairs of a
high refractive index layer formed of n-Al, ;,Ga, 4sAs and a
low refractive index layer formed of n-Al, 3, Ga, ;,As. Also,
a high refractive index layer disposed atop may have a smaller
thickness than the thickness of other high refractive index
layers for phase matching. The second contact layer 241 that
is formed of p-GaAs may be disposed on the upper reflection
layer 240.

FIG. 13 schematically illustrates a transmittance charac-
teristic of the transmissive optical modulator 200 of FIG. 12.
In FIG. 13, a graph indicated by a thin solid line denotes
transmittance when a voltage is not applied and relates to a
left vertical axis. A graph indicated by a two-dash chain line
denotes transmittance when a voltage is applied and relates to
the left vertical axis. A graph indicated by a thick solid line
denotes a difference in the transmittance between when a
voltage is not applied and when a voltage is applied and
relates to a right vertical axis. Referring to FIG. 13, the
maximum absorption occurs at a wavelength of about 850 nm
at a relatively low voltage of about -3.4 V and a difference in
the transmittance between the minimum transmittance and
the maximum transmittance in a range of about 850 nm is
improved to about 60.4%. In particular, since transmittance is
lowered to less than or equal to 10% due to an increase in the
light absorption when a voltage is applied, a difference in the
transmittance may be improved.

A general optical modulator has a characteristic that a
center absorption wavelength varies according to a change in
temperature and variables in a manufacturing process. In
order to maintain a modulation characteristic constant in spite
of the changes, it is advantageous to perform modulation
uniformly across a wide wavelength band. In other words, it
is advantageous that the optical modulator has a wide band-
width.

FIG. 14 schematically illustrates a structure of a transmis-
sive optical modulator 300 having a three-coupled quantum
well structure and designed to have a wide bandwidth,
according to another exemplary embodiment. Referring to
FIG. 14, the transmissive optical modulator 300 may include
a lower reflection layer 320, an active layer 330 disposed on
the lower reflection layer 320, an upper reflection layer 340
disposed on the active layer 330, a first microcavity layer 325
disposed in the lower reflection layer 320, and a second
microcavity layer 345 disposed in the upper reflection layer
340. The active layer 300 is a main cavity for Fabry-Perot
resonance, and the first and second microcavity layers 325
and 345 function as additional cavity for Fabry-Perot reso-
nance. To this end, an optical thickness of each of the first and
second microcavity layers 325 and 345 may approximately
be an integer multiple of A/2. The first and second microcavity
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layers 325 and 345 may each be formed of a high refractive
index layer material or a low refractive index layer material of
the lower and upper reflection layers 320 and 340. Both of the
first and second microcavity layers 325 and 345 may be
disposed in either the lower reflection layer 320 or the upper
reflection layer 340. Either one of the first and second micro-
cavity layers 325 and 345 may be omitted.

Although it is not explicitly illustrated in FIG. 14, it is
possible to make the thicknesses of quantum well layers in the
active layer 330 to be different from one another in order to
increase a bandwidth. For example, two or more types of
second quantum well layers having different thicknesses may
be formed by changing the thickness of the second quantum
well layer where electron’s and hole’s wave functions are
superimposed. An absorption mode increases through the
addition of the first and second microcavity layers 325 and
345 and the change in the thickness of the quantum well layer
and thus a light absorption bandwidth of the transmissive
optical modulator 300 may be improved.

FIG. 15 illustrates a detailed example of the transmissive
optical modulator 300 of FIG. 14. Referring to FIG. 15, the
lower reflection layer 320 includes a pair of a high refractive
index layer formed of n-Al, ;,Ga, cAs and a low refractive
index layer formed of n-Al, 5,Ga, ;o As, which are formed on
an n-GaAs contact layer 301. In an example of FIG. 15, a
microcavity layer is not formed in the lower reflection layer
320. However, the second microcavity layer 345 is formed in
the upper reflection layer 340. The upper reflection layer 340
may be separated into a first upper reflection layer 341 and a
second upper reflection layer 344 by the second microcavity
layer 345. The first upper reflection layer 341 disposed under
the second microcavity layer 345 may include fifteen (15)
pairs of ahigh refractive index layer and a low refractive index
layer. The second upper reflection layer 344 disposed above
the second microcavity layer 345 may include one pair of a
high refractive index layer and a low refractive index layer.
However, this is a mere example, and the number of pairs of
the lower reflection layer 320, the first upper reflection layer
341, and the second upper reflection layer 344 may be appro-
priately selected according to a desired reflectivity character-
istic of the lower and upper reflection layers 320 and 340. In
the example of FIG. 15, the second microcavity layer 345
may be formed of a high refractive index layer material and
have an optical thickness of A/2.

Also, a phase matching layer 342 may be further provided
between the second microcavity layer 345 and the first upper
reflection layer 341. The phase matching layer 342 is inserted
such that the higher refractive index layer and the low refrac-
tive index layer are alternately disposed in the entire structure
of'the upper reflection layer 340 including the second micro-
cavity layer 345. For example, when the second microcavity
layer 345 is formed of a high refractive index layer material,
the phase matching layer 342 may be formed of a low refrac-
tive index layer material. When the second microcavity layer
345 is formed of a low refractive index layer material, the
phase matching layer 342 may be formed of a high refractive
index layer material.

As illustrated in FIG. 15, the active layer 330 includes
lower and upper cladding layers formed of Al; ;,Gag goAs
and having a thickness of about 5.1 nm, as the outer barriers,
and two types of three-coupled quantum well structures dis-
posed between the lower and upper cladding layers. The two
types of three-coupled quantum well structures may both
include a plurality of three-coupled quantum wells having a
first quantum well layer/a first coupling barrier/a second
quantum well layer/a second coupling barrier/a third quan-
tum well layer. An outer barrier may be interposed between
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the three-coupled quantum wells. The materials and thick-
nesses of the first quantum well layer, the first coupling bar-
rier, the second coupling barrier, the third quantum well layer,
and the outer barrier may be the same as those of the above-
described embodiments.

However, in the two types of three-coupled quantum well
structures, the thickness of the second quantum well layer
may be different. For example, while the second quantum
well layer in a first three-coupled quantum well structure may
be formed of GaAs having a thickness of about 6.4 nm, and
the second quantum well layer in a second three-coupled
quantum well structure may be formed of GaAs having a
thickness of about 5.9 nm. The first three-coupled quantum
well structure may include a total of fifty-six (56) pairs of
three-coupled quantum wells and the second three-coupled
quantum well structure may include a total of sixty-two (62)
pairs of three-coupled quantum wells. Also, although FIG. 15
shows that the first three-coupled quantum well structure is
first formed and then the second three-coupled quantum well
structure may be formed on the first three-coupled quantum
well structure, three-coupled quantum wells of the first three-
coupled quantum well structure and three-coupled quantum
wells of the second three-coupled quantum well structure
may be disposed by being combined with each other. As such,
when the two different types of second quantum well layers
having different thicknesses are used, two absorption modes
are formed in the active layer 330 so that the light absorption
bandwidth may be improved. The overall optical thickness of
the active layer 230 is set to 7h.

FIG. 16 schematically illustrates a transmittance charac-
teristic of the transmissive optical modulator 300 of FIG. 15.
In FIG. 16, a graph indicated by a thin solid line denotes
transmittance when a voltage is not applied. A graph indi-
cated by a two-dash chain line denotes transmittance when a
voltage is applied. A graph indicated by a thick solid line
denotes a difference in the transmittance between the graph
indicated by a thin solid line and the graph indicated by the
two-dash chain line. As illustrated in the graph of FIG. 16, a
transmittance difference of about 56.4% may be obtained at a
wavelength of about 850 nm at a driving voltage of about -8.7
V and it may be seen that a bandwidth in which the transmit-
tance difference is 25% or more is about 9.4 nm. In particular,
light absorption increases with respect to the wavelength of
about 850 nm at the driving voltage of about 8.7V so that the
transmittance is lowered to about 7% and a contrast ratio, for
example, demodulation contrast, may be further improved.

In the example of FIG. 15, the second microcavity layer
345 is disposed in the upper reflection layer 340 and two types
of three-coupled quantum well structures are disposed in the
active layer 330. However, one or more microcavities may be
further added to the lower reflection layer 320 and/or the
upper reflection layer 340. Also, the active layer 330 may
include a combination of one type of a three-coupled quan-
tum well structure and one type of a single quantum well
structure. The structure of the second microcavity layer 345
and the active layer 330 of FIG. 15 may be applied to the
reflective optical modulator 100 of FIG. 8.

FIG. 17 schematically illustrates a structure of a transmis-
sive optical modulator 400 having a three-coupled quantum
well structure, according to another exemplary embodiment.
Referring to FIG. 17, the transmissive optical modulator 400
may include a lower reflection layer 410, a first active layer
420 disposed on the lower reflection layer 410, an intermedi-
ate reflection layer 430 disposed on the first active layer 420,
a second active layer 440 disposed on the intermediate reflec-
tion layer 430, and an upper reflection layer 450 disposed on
the second active layer 440. The lower and upper reflection
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layers 410 and 450 may be doped into the same electrical
type, whereas the intermediate reflection layer 430 may be
doped into an opposite electric type to the lower and upper
reflection layers 410 and 450. For example, the lower and
upper reflection layers 410 and 450 may be doped into an n
type, whereas the intermediate reflection layer 430 may be
doped into a p type. Alternatively, the lower and upper reflec-
tion layers 410 and 450 may be doped into a p type, whereas
the intermediate reflection layer 430 may be doped into an n
type. Accordingly, the transmissive optical modulator 400 of
FIG. 17 may have an N-I-P-I-N or P-I-N-I-P structure.

The transmissive optical modulator 400 may have a stack-
type diode structure in which two diodes are stacked and
electrically connected in parallel. In general, a driving voltage
of an optical modulator is proportional to the total thickness
of'the active layer, or the total number of quantum well layers
in the active layer. However, in the transmissive optical modu-
lator 400 according to the present embodiment, since the two
active layers, namely, the first and second active layers 420
and 440, are electrically connected to each other in parallel,
the driving voltage may be reduced approximately by half
compared to an optical modulator having one active layer
having a thickness equivalent to a sum of the thicknesses of
the two active layers, namely, the first and second active
layers 420 and 440. Accordingly, power consumption may be
additionally reduced so that deterioration in the performance
of' the transmissive optical modulator 400 due to heat may be
reduced.

Also, according to the present embodiment, a bandwidth of
the transmissive optical modulator 400 may be increased by
forming the three-coupled quantum well structure of the first
active layer 420 and the three-coupled quantum well structure
of the second active layer 440 differently. In other words,
absorption modes are increased through a multi-resonance
mode in which a resonance wavelength of the first active layer
420 and a resonance wavelength of the second active layer
440 are different, and the light absorption bandwidth of the
transmissive optical modulator 400 may be increased. For
example, the thickness of the second quantum well layer in
the three-coupled quantum well structure of the first active
layer 420 and the thickness of the second quantum well layer
in the three-coupled quantum well structure of the second
active layer 440 may be selected to be different. Also, the first
active layer 420 may include two or more types of three-
coupled quantum well structures, and the second active layer
440 may include two or more types of three-coupled quantum
well structures.

It should be understood that the exemplary embodiments
described herein should be considered in a descriptive sense
only and not for purposes of limitation. Descriptions of fea-
tures or aspects within each embodiment should typically be
considered as available for other similar features or aspects in
other embodiments.

While one or more embodiments of the present disclosure
have been described with reference to the figures, it will be
understood by those of ordinary skill in the art that various
changes in form and details may be made therein without
departing from the spirit and scope of the present disclosure
as defined by the following claims.

What is claimed is:

1. An optical device comprising:

an active layer comprising two outer barriers and a coupled

quantum well disposed between the two outer barriers,
wherein the coupled quantum well comprises a first quan-
tum well layer, a second quantum well layer, and a third
quantum well layer, a first coupling barrier disposed
between the first quantum well layer and the second
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quantum well layer, and a second coupling barrier dis-
posed between the second quantum well layer and the
third quantum well layer,

wherein a thickness of the first quantum well layer and a

thickness of the third quantum well layer, disposed at
opposite ends of the coupled quantum well, are each less
than a thickness of the second quantum well layer dis-
posed between the first quantum well layer and the third
quantum well layer, and

wherein an energy level of the first quantum well layer and

an energy level of the third quantum well layer are each
lower than an energy level of the second quantum well
layer.

2. The optical device of claim 1, wherein a potential energy
of the first coupling barrier and a potential energy of the
second coupling barrier are each higher than a ground level
and lower than energy levels of the outer barriers.

3. The optical device of claim 1, wherein, for an infrared
range of about 850 nm, the first and third quantum well layers
comprise In_Ga, _As, where 7=0.1~0.2, the second quantum
well layer comprises GaAs, the first and second coupling
barriers comprise Al Ga, ,As, where 0<y<l, and the outer
barriers comprise Al Ga,  As, where 0<y<x<=1.

4. An optical device comprising:

an active layer comprising two outer barriers and a coupled

quantum well disposed between the two outer barriers;
and

a lower reflection layer disposed on a lower surface of the

active layer and an upper reflection layer disposed an
upper surface of the active layer,

wherein the coupled quantum well comprises a first quan-

tum well layer, a second quantum well layer, and a third
quantum well layer, a first coupling barrier disposed
between the first quantum well layer and the second
quantum well layer, and a second coupling barrier dis-
posed between the second quantum well layer and the
third quantum well layer,

wherein a thickness of the first quantum well layer and a

thickness of the third quantum well layer, disposed at
opposite ends of the coupled quantum well, are each less
than a thickness of the second quantum well layer, dis-
posed between the first quantum well layer and the third
quantum well layer, and

wherein an energy level of the first quantum well layer and

an energy level of the third quantum well layer are each
lower than an energy level of the second quantum well
layer.

5. The optical device of claim 4, wherein the optical device
is a reflective optical modulator, and

a reflectivity of the lower reflection layer is higher than a

reflectivity of the upper reflection layer.

6. The optical device of claim 4, further comprising a
microcavity layer disposed within at least one of the lower
reflection layer and the upper reflection layer,

wherein, a resonance wavelength of the optical device is A,

and an optical thickness of the active layer and an optical
thickness of the microcavity layer are each an integer
multiple of A/2.

7. The optical device of claim 4, wherein the coupled
quantum well comprises a first coupled quantum well and a
second coupled quantum well, wherein:

the first coupled quantum well comprises the first quantum

well layer, the first coupling barrier, the second quantum
well layer, the second coupling barrier, and the third
quantum well layer; and

the second coupled quantum well comprises a fourth quan-

tum well layer, a third coupling barrier, a fifth quantum
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well layer, a fourth coupling barrier, and a sixth quantum
well layer which are sequentially stacked,

wherein a thickness of the second quantum well layer of the

first coupled quantum well is different from a thickness
of the fifth quantum well layer of the second coupled
quantum well.

8. The optical device of claim 7, wherein potential energies
of the first coupling barrier, the second coupling barrier, the
third coupling barrier, and the fourth coupling barrier are each
higher than a ground level and lower than energy levels of the
outer barriers.

9. The optical device of claim 7, wherein a thickness of the
fourth quantum well layer and a thickness of the sixth quan-
tum well layer are each less than the thickness of the fifth
quantum well layer.

10. The optical device of claim 7, wherein an energy level
of the fourth quantum well layer and an energy level of the
sixth quantum well layer are lower than an energy level of the
fifth quantum well layer.

11. The optical device of claim 7, wherein a thickness of the
first quantum well layer is the same as a thickness of the
fourth quantum well layer, and a thickness of the third quan-
tum well layer is the same as a thickness of the sixth quantum
well layer.

12. The optical device of claim 4, wherein the active layer
further comprises a single quantum well comprising a single
fourth quantum well layer disposed between two outer barri-
ers.

13. An optical device comprising:

a lower reflection layer;

a first active layer disposed on the lower reflection layer;

an intermediate reflection layer disposed on the first active

layer;

a second active layer disposed on the intermediate reflec-

tion layer; and

an upper reflection layer disposed on the second active

layer,

wherein at least one of the first active layer and the second

active layer comprises a coupled quantum well structure
comprising two outer barriers and a coupled quantum
well disposed between the two outer barriers,

wherein the coupled quantum well comprises a first quan-

tum well layer, a second quantum well layer, and a third
quantum well layer, a first coupling barrier disposed
between the first quantum well layer and the second
quantum well layer, and a second coupling barrier dis-
posed between the second quantum well layer and the
third quantum well layer,

wherein a thickness of the first quantum well layer and a

thickness of the third quantum well layer, disposed at
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opposite ends of the coupled quantum well are each less
than a thickness of the second quantum well layer, and

wherein an energy level of the first quantum well layer and
an energy level of the third quantum well layer are each
lower than an energy level of the second quantum well
layer.

14. The optical device of claim 13, wherein a potential
energy of the first coupling barrier and a potential energy of
the second coupling barrier are each higher than a ground
level and lower than energy levels of the outer barriers.

15. The optical device of claim 13, wherein, for an infrared
range of about 850 nm, the first and third quantum well layers
comprise In_Ga, _As, where 7=0.1~0.2, the second quantum
well layer comprises GaAs, the first and second coupling
barriers comprise Al Ga, ,As, where 0<y<l, and the outer
barriers comprise Al Ga,  As, where 0<y<x<=1.

16. The optical device of claim 13, wherein the lower
reflection layer and the upper reflection layer are doped into a
first electric type and the intermediate reflection layer is
doped into a second electric type that is opposite to the first
electric type.

17. The optical device of claim 13, further comprising a
microcavity layer that is disposed within at least one of the
lower reflection layer and the upper reflection layer,

wherein, a resonance wavelength of the optical device is A,

and an optical thickness of the active layer and an optical
thickness of the microcavity are each an integer multiple
of A2.

18. An optical modulator comprising:

an active layer comprising a first outer barrier, a second

outer barrier, and a three-coupled quantum well dis-
posed between the first outer barrier and the second
outer barrier;

wherein the three-coupled quantum well comprises:

a first quantum well layer, a second quantum well layer,
a third quantum well layer, a first coupling barrier
disposed between the first quantum well layer and the
second quantum well layer, and a second coupling
barrier disposed between the second quantum well
layer and the third quantum well layer;

wherein a potential energy of the first coupling barrier
and a potential energy of the second coupling barrier
are each higher than a ground level, lower than a
potential energy level of the first outer barrier, and
lower than a potential energy level of the second outer
barrier;

wherein an energy level of the first quantum well layer and

an energy level of the third quantum well layer are each

lower than an energy level of the second quantum well
layer.



